Abstract-The surface-plasmon-polaritons supported by a metal stripe are of theoretical and experimental interest. The well-known symmetric and antisymmetric modes of the slab model become the respective fundamental modes of the stripe. Their dispersion and loss characteristics are calculated for a silver stripe embedded in silicon. In contrast to the slab case, higher order modes also occur for the stripe. Corner modes that have no analogous modes in the slab model are obtained. The method of calculation used is a full-vectorial finite difference scheme for the coupled transverse components of the magnetic field.
I. INTRODUCTION
A N INTERFACE between two media having dielectric functions of opposite signs has been known to support electromagnetic surface waves whose main feature is localization of the field around the interface [1] , [2] . In the case of a metal-dielectric interface, these waves or propagating modes are referred to as surface-plasmon-polarions (spps). They occur for TM-polarized radiation in the optical and infrared wavelength. Though not all metals exhibit negative dielectric function in this wavelength range, many important ones do. Examples are gold, silver, aluminum, and copper. The modes are damped in the direction of propagation because the interaction of the electromagnetic radiation with the conduction electrons brings into the picture not only the negative dielectric function but also energy loss. Accordingly, the dielectric constant of the metals of interest becomes a complex function of the wavelength and is written as , where and are the real and imaginary parts, respectively.
When the metal is in the form of a film, surface polariton modes occur on each side of the film with fields decaying away from the interfaces. For a film with sufficiently small thickness, surface modes couple to each other, producing supermodes. In the case of a metal film bounded on both sides by the same dielectric, the supermodes, as represented by the magnetic field component tangential to the interfaces, have either symmetric or antisymmetric profiles with the plane of symmetry being midway between the interfaces. The symmetric mode profile has no zero crossing within the metal while the antisymmetric mode profile has one zero crossing. The thin metallic film also supports leaky waves, characterized by fields growing away from the film. The most commonly employed method of exciting plasmonpolaritons has been prism coupling through attenuated total reflection. In this method, resonant excitation occurs when the following condition is met: the wave vector parallel to the metal surface of the spp matches that of the incident radiation. Other techniques such as edge launching, end-fire coupling, and broad-band excitation have also been introduced [3] - [5] . With the field maximum occurring at the interface, plasmon-polaritons are sensitive to the properties of the surface and many of their applications in the spectroscopy of solid surfaces utilize this particular property.
In the last decade, the development of near-field optical microscopy has provided a tool for the detection in direct space of spps excited at the edge of the metallic films, around nanoscale surface defects and on thin metallic stripes [6] - [15] .
The geometry of interest to the present study is that of a metallic stripe or a wire of rectangular cross section bounded on all sides by a lossless dielectric medium. This geometry has recently been considered analytically and has been shown to support guided modes of various orders [16] , [17] . The guided field in these works has been taken as a superposition of TE and TM modes. The modes are solutions of two uncoupled scalar wave equations for the transverse electric field components and the magnetic field component . In the present study, we follow a vectorial finite differences scheme based on the transverse magnetic field components and . In addition to accounting for coupling between these two components, the scheme benefits from their continuity across interfaces (all media are assumed to be nonmagnetic) and the absence of spurious modes [18] , [19] . Due to the symmetry of the structure considered, the bound modes are either symmetric or antisymmetric with respect to the transverse directions. We calculate the dispersion of the two lowest order symmetric modes and the dominant antisymmetric mode for the specific case of a silver stripe embedded in silicon. We show that for the stripe aspect ratios considered the slab model serves as a good approximation to the dominant stripe modes. Points of difference with the results of [17] will be pointed out in Section III. We also determine the dispersion of corner modes that have no counterpart in the slab geometry and show that their dispersion remains distinct from other guided modes. It must be mentioned that stripe modes are nondiffraction-limited and some may remain guided on wires of dimensions much smaller than the wavelength. This feature is in contrast to dielectric waveguides whose dimensions are limited to approximately half of the wavelength in the core. However, stripe modes are lossy, and attenuation reduction achieved by restricting stripe area is accompanied by the extension of the optical field to relatively large distances in the surrounding medium. This feature has an obvious implication on the density of wire integration.
After a brief description of the calculation method in Section II, results are presented in Section III on dispersion, loss, and field profiles.
II. THEORY
In order to model the metal stripe, the transverse components of the magnetic field, and , have been chosen. The geometry considered is shown diagrammatically in the inset of Fig. 1 and comprises a metal stripe of dielectric constant embedded in a medium of dielectric constant . In our calculation procedure, the stripe and surrounding medium are enclosed within a computation mesh (not shown) resulting from the uneven discretization of the distances along the and axes. All material interfaces fall on grid points with the smallest distances placed across the metal/dielectric interfaces. It is ensured that the size of the computation window is large enough for the field values to be negligibly small at its boundaries. Assuming that all field components have the functional form , the Helmholtz equations for any cell are (1) (2) where is the wave number of free space, is the cell dielectric constant, and . According to this designation, the generally complex propagation constant is represented as a dimensionless effective index . The boundary conditions at the cell interfaces are the continuity of the electric field component , which is given by (3) together with the requirement that (4) It is important to note that, although and are continuous at interfaces, this is not true for all of their first-order derivatives with respect to distance. Their higher order derivatives are generally discontinuous. When the differential operators and boundary conditions given by (1)-(4) are replaced by their discrete approximations, we arrive at a characteristic equation of the form (5) Equation (5) is solved for . The vectors and are field values at all points on the mesh while the presence of the offdiagonal submatrices and results in coupling between the two transverse field components. It is instructive from the outset to recall relevant properties of the slab geometry. Assuming that (see the inset of Fig. 1 ), the bound mode solutions are written as follows [2] : (6) where (7) (8) In order for the field to decay exponentially on either side of the film, the real part of must be positive. To a good approximation, this leads to the requirement that the real part of , which establishes the cutoff condition for the modes described in Section III. The parameter becomes small near cutoff, causing the field to extend further away into the embedding medium.
III. RESULTS AND DISCUSSION

A. Dispersion Relationships
The geometry we study is shown in the inset of Fig. 1 . A metal stripe of thickness and width is surrounded on all sides by a lossless dielectric medium. All of the results are obtained for the wavelength m. The metal is silver with a dielectric constant as interpolated from the data of [20] , while . The dispersion relationships of the various modes are presented as curves where the independent variable is the stripe thickness. Figs. 1 and 2 show the real and imaginary parts of with for the fixed stripe width of 1 m. It is seen from the outset that the aspect ratio varies between 10 and 66.7. In this range, the important features of stripe modes will be seen as slab-like. For guided mode designation, we adopt the waveguide nomenclature whereby hybrid mode has zero-crossings in the direction and in the direction with . Corner modes, however, are referred to as such. Figs. 1 and 2 show the variation of the real and imaginary parts of with stripe thicknesses for seven modes. These are: 1) the dominant symmetric mode , represented by curves (e); 2) the dominant antisymmetric mode , represented by curves (c); 3) the second lowest order lower branch mode represented by curves (f); 4) two almost degenerate corner modes represented by curves (a); 5) slab symmetric (in the direction) mode, represented by curve (d); and 6) slab antisymmetric mode, represented by curve (b). Modes and are in fact the analogues of the slab symmetric and antisymmetric modes, respectively, for the stripe geometry. The slab modes are included for the purpose of reference. It is seen from the figures that slab theory provides a good approximation of the propagation constant of modes and . The least lossy modes are seen to be the lower branch modes and . The latter exhibits cutoff with respect to stripe thickness. When it occurs, is less tightly bound to the metal than the dominant and consequently suffers less attenuation, as can be seen from Figs. 1 and 2. For these two modes, the slab dispersion curve of the symmetric mode is seen to have larger values of both the real and imaginary parts of the propagation constant for all values of . This result differs from those reported in [17] , where for the parameters studied similar lower branch modes become much more attenuated than the slab lower branch mode as increases. Higher loss in this case is attributed to the strong localization of the mode at stripe corners, as can be seen in [17, Fig. 3 ]. No such localization has been found to occur for the parameters employed in the present study.
Curves (a) represent two almost degenerate corner modes characterized by the concentration of the field at the four corners of the stripe. These modes have been found to be distinct from the other guided modes, having a particularly high loss which indicates that more of the energy is carried and dissipated within the metal. It is noted that characteristics similar to curves (a) have been calculated for different stripe parameters and wavelength [17] .
B. Field Profiles
Field profiles are presented as plots of in the transverse plane. The choice of this field component is influenced by the fact that it becomes increasingly more dominant as . Indeed, it is the only nonzero magnetic field component for the TM-polarized waves of the slab geometry. Fig. 3 (a) and (c) show the fundamental lower branch and upper branch modes. The profiles resemble the slab symmetric and antisymmetric modes, respectively. The confinement in the direction and the profile details near the lateral edges are due to the finite width of the stripe. It is seen that the modes retain the symmetry features of the corresponding slab modes. For a sufficiently thin stripe, the mode has the lowest attenuation (lower than the slab symmetric mode) and would be analogous to the slab long-range mode. Along the axis, this mode has its highest value at the wide metal-dielectric interfaces and reaches its peak at . Along the axis, it experiences a dip within the metal. As in the slab case, the dip is shallow for small thicknesses becoming more pronounced with increasing . Outside the metallic region, the mode profile shows an exponential decay away from the metal boundaries. Recently, measurements of the intensity profile of the long-range stripe mode at m have been undertaken for gold stripes of 10-20-nm thickness embedded in polymer [15] . By fitting measured data to the Gaussian function, it has been shown that the intensity profile is substantially Gaussian in the transverse plane.
It is noted that loss values in dB/cm can be obtained from Fig. 2 by multiplying the imaginary part of by . One higher order mode is represented by the mode, whose profile is shown in Fig. 3(b) . While retaining symmetry, the mode goes through one zero in the direction. A feature of the metal wire with rectangular cross section is the appearance of corner modes. The profile of one of the two corner modes discussed above is shown in Fig. 3(d) . The field is strongly localized at the four corners of the stripe with no zero-crossing in the direction and one in the direction. A second and almost degenerate corner mode with zero-crossings in both directions has also been calculated.
It is instructive to end this section by highlighting the growing experimental interest in applications of the stripe geometry. Excitation of the lowest order lower branch mode has been demonstrated experimentally for a gold stripe embedded in SiO [11] . The stripe thickness in this experiment has been 20 nm with width 8 m with m. End-fire coupling has been used. In another experiment, prism coupling has been employed for the excitation of plasmon-polaritons on Au and Ag stripes 70-nm thick and of widths in the range of 1-54 m [21] . Recently, stripes with notably small aspect ratios (cross-section dimensions of ) have been fabricated. Prism coupling has been used to excite the spp in a cascade of strip-taperstripe geometry [14] . These developments, particularly those in near-field optics, must act as a stimulus for theoretical studies in the transmission properties of nanoscale metal wires. The results of the present work can be helpful in the interpretation of experimental investigations of plasmon-polaritons on wires of rectangular cross sections.
